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Intestinal stem cellMix progenitors are short-lived multipotential cells formed as intestinal epithelial stem cells initiate a differ-
entiation program. Clone dynamics indicates that various epithelial cell lineages arise fromMix via a sequence
of progressively restricted progenitor states. Lateral inhibitory Notch signaling between the daughters ofMix
(DOM) is thought to break their initial symmetry, thereby determining whether a DOM invokes a columnar
(absorptive) or granulocytic (secretory) cell lineage program. This is supported by the absence of granulocytes
following enforced Notch signaling or Atoh1 deletion. Conversely, granulocytes increase in frequency follow-
ing inhibition of Notch signaling or Hes1 deletion. Thus reciprocal repression between Hes1 and Atoh1 is
thought to implement a Notch signaling-driven cell-fate-determining binary switch in DOM. The brush
(tuft) cells, a poorly understood chemosensory cell type, are not incorporated into this model. We report
that brush cell numbers increase dramatically following conditional Atoh1-deletion, demonstrating that
brush cell production, determination, differentiation and survival are Atoh1-independent. We also report
that brush cells are derived from Gﬁ1b-expressing progenitors. These and related results suggest a model in
which initially equivalent DOM progenitors have three metastable states deﬁned by the transcription factors
Hes1, Atoh1, and Gﬁ1b. Lateral inhibitory Notch signaling normally ensures that Hes1 dominates in one of
the two DOMs, invoking a columnar lineage program, while either Atoh1 or Gﬁ1b dominates in the other
DOM, invoking a granulocytic or brush cell lineage program, respectively, and thus implementing a cell
fate-determining ternary switch.
© 2011 Elsevier Inc. All rights reserved.Introduction
The adult mammalian intestinal epithelium is a continuously
renewed tissue comprised of four principal and several relatively
minor cell lineages, all ultimately derived from a resident stem cell
population. The highly structured and dynamic nature of the tissue
makes it an excellent system in which to study stem cell biology
and lineage determination. The stem cells (S) are self-renewing
multipotent cells uncommitted to speciﬁc epithelial lineages. The. Bjerknes),
rtment of Hematology, Univer-
rmany.
rights reserved.scope of the set of intestinal epithelial cells with stem cell potential
remains contentious, but clearly includes the crypt base columnar
cells, which were initially thought to be distributed throughout cell
positions 1–9 of the crypt base (Cheng and Leblond, 1974a,b), but
were subsequently understood to reside in a stem-cell zone in cell
positions 1–4 (Bjerknes and Cheng, 1979, 1981a,b, 1999). The crypt
base columnar cells express Lgr5 (Barker et al., 2007), which enabled
their isolation and clonal culture (Sato et al., 2009). Progeny of S that
leave the stem cell zone and initiate differentiation give rise to short-
livedMix progenitors (Bjerknes and Cheng, 1999) that in turn divide
to generate the daughters ofMix (DOM), likely in a region just above
the stem cell zone referred to as the common origin of differentiation
(COD; Bjerknes and Cheng, 2006a,b, 2010).
The four principal lineages are the columnar, mucous, Paneth and
enteroendocrine cell lineages. Mature columnar lineage cells are the
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alias ‘enterocytes’, meaning ‘gut cells’. They participate in multiple as-
pects of mucosal defense, digestion, and nutrient uptake, the latter
function motivating yet another alias, ‘absorptive cells’. The mucous,
Paneth and enteroendocrine cell lineages share many features. Most
obvious are the eponymic secretory granules characteristic of the
mature cells of these lineages, hence they are collectively referred to
as the secretory or granulocytic lineages. Less obvious is the fact
that all granulocytes express the basic helix–loop–helix transcription
factor Atoh1 (also known as Math1 and Hath1). Granulocytes are
absent from Atoh1-deﬁcient epithelium (Shroyer et al., 2007; Yang
et al., 2001); conversely forced Atoh1 expression in fetal intestine
results in increased expression of granulocytic markers (VanDussen
and Samuelson, 2010), indicating that Atoh1 expression promotes
granulocytic lineage programs. Hence the granulocytic or secretory
lineages may also be usefully referred to as Atoh1-dependent line-
ages. However, it remains unclear whether the Atoh1-dependence of
the granulocytic lineages is due to a shared origin from an Atoh1-
dependent common progenitor or due to a shared dependence on
Atoh1 for their formation, differentiation or survival (Bjerknes and
Cheng, 2006a,b, 2010; Yang et al., 2001).
Columnar lineage cells do not normally express Atoh1 and colum-
nar cells are produced in Atoh1-deﬁcient epithelium, demonstrating
that Atoh1 is not required for their formation (Shroyer et al., 2007;
Yang et al., 2001). Instead of Atoh1, early columnar lineage cells ex-
press the Notch signaling target Hes1 (Jarriault et al., 1998; Jensen
et al., 2000; Kayahara et al., 2003; Schroder and Gossler, 2002). Gran-
ulocytes are more numerous in Hes1-deﬁcient epithelium (Jensen
et al., 2000), suggesting that Hes1 acts to repress granulocyte gener-
ation, probably by repressing Atoh1 expression (Akazawa et al.,
1995; Jensen et al., 2000; Yang et al., 2001).
These results indicate, by analogy with other systems, that lateral
inhibitory Notch signaling (Fortini, 2009) is involved in lineage spec-
iﬁcation in the epithelium, in large part by modulating the expression
of the opposing transcription factors Hes1 and Atoh1 (Jensen et al.,
2000; Yang et al., 2001). Accordingly DOM progenitors are thought
to display Notch family transmembrane receptor proteins and ligands
on their cell surface. One of the sister DOMs receives increased Notch
signaling and consequently increases Notch receptor expression,
while its sister DOM increases expression of Notch ligand (collective-
ly Delta). We will refer to DOM entering these states as DOMNotch
and DOMDelta, respectively. Increased Hes1 expression in DOMNotch
represses Atoh1 and invokes a columnar lineage program leading
DOMNotch to become a columnar lineage progenitor. Its sister
DOMDelta receives diminished Notch signaling, and as a consequence
increases Atoh1 expression which represses Hes1 and invokes a gran-
ulocytic lineage program. Thus, the interaction between Notch signal-
ing, Hes1, and Atoh1 in the initially equivalent DOMs is thought to
break their symmetry, thereby implementing a lineage-determining
binary switch specifying the columnar and granulocytic lineages
(Bjerknes and Cheng, 2005; Jensen et al., 2000; Yang et al., 2001).
Evidence continues to accumulate that lateral inhibitory Notch
signaling participates in intestinal epithelial lineage speciﬁcation.
Reduction of Notch signaling by application of gamma-secretase
inhibitors (Milano et al., 2004; Wong et al., 2004) or of antibodies
against Notch1 and Notch2 (Wu et al., 2010), or by partial Notch1
and Notch2 inducible knockout (Riccio et al., 2008), leads to in-
creased granulocyte production. Conversely, activating the Notch sig-
naling pathway by forced expression of a transgene encoding an
active intracellular fragment of Notch1 (Notch-IC) inhibits granulo-
cyte production (Fre et al., 2005, 2009; Stanger et al., 2005). Similar
mechanisms are operative in the intestinal epithelium of zebraﬁsh
(Crosnier et al., 2005) and Drosophila (Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2007).
The origin of the brush cell lineage, a minor cell lineage derived
from the stem cells via committed brush cell lineage progenitors, isnot explained by current lineage speciﬁcation models and hence its
elucidation is likely to reveal additional insights into the early stages
of lineage commitment in the epithelium. During the preparation
of this manuscript, Gerbe et al. (2011) reported that brush cells are
absent in Atoh1-deﬁcient epithelium and hence constitute a fourth
Atoh1-dependent or secretory lineage in addition to the mucous,
Paneth, enteroendocrine lineages. However, our results directly con-
tradict this ﬁnding and conclusion.
Brush cells (also known as tuft, caveolated, multivesicular, pecu-
liar, undifferentiated, ﬁbrillovesicular, s-, agranular light, or solitary
chemosensory cells) are relatively rare cells in the small intestine
(Sato, 2007). They have a narrowed apical region topped by a prom-
inent collection of long microvilli (the brush or tuft). In the electron
microscope, the apical region is further characterized by numerous
bundles of ﬁlaments, microtubules, vesicles, and tortuous invagina-
tions that run from the apical surface deep into the cytoplasm
(Nabeyama and Leblond, 1974; Sato, 2007). Similar cells are found
in the epithelium of multiple structures derived ontogenically from
the fore-, mid-, and hind-gut (Sato, 2007; Sbarbati et al., 2010).
Brush cells are continuously renewed, but brush cells are not
labeled an hour after a pulse of 3H-thymidine and mitotic brush
cells have not been reported indicating that brush cells are post-
mitotic and hence must originate from other sources (Tsubouchi
and Leblond, 1979). Immature brush cells are seen in small intestinal
crypts indicating that the brush cells are likely derived from S (Cheng
and Leblond, 1974b). This was formally demonstrated when brush
cells were shown to be among the cell types produced by stem cell
derived clones (Bjerknes and Cheng, 1999). They also described
brush cell clones containing no other lineages, indicating that inter-
mediate committed brush cell lineage progenitors exist.
Brush cells express multiple elements of the taste receptor signal-
ing pathway cascade (Sbarbati et al., 2010) including α-gustducin
(Höfer et al., 1996) and Trpm5 (Bezençon et al., 2007, 2008; Kaske
et al., 2007; Kokrashvili et al., 2009), and hence brush cells are a
type of solitary chemosensory cell in the gut. Comparative microarray
analysis of the transcriptomes of Trpm5-expressing versus non-
expressing cells revealed dozens of genes that are expressed at higher
levels amongst the Trpm5-expressing cells, including the transcrip-
tion factor Gﬁ1b (Bezençon et al., 2008).
Gﬁ1b is a Zinc-ﬁnger transcriptional repressor (Doan et al., 2004;
Vassen et al., 2005) that has been shown to play a signiﬁcant role
in erythro- and megakarypoiesis, and in hematopoietic stem cells
(Garçon et al., 2005; Hernandez et al., 2010; Huang et al., 2004;
Khandanpour et al., 2010; Laurent et al., 2009; Osawa et al., 2002;
Randrianarison-Huetz et al., 2010; Saleque et al., 2002; 2007; Vassen
et al., 2007). Gﬁ1b is closely related to Gﬁ1, a transcriptional repressor
known to stabilize the mucous and Paneth cell lineages by repressing
the pro-enteroendocrine transcription factor Neurog3 (Bjerknes and
Cheng, 2010). Accordingly, enteroendocrine cells are more frequent,
and mucous and Paneth cells are less frequent in Gﬁ1-null mice
(Bjerknes and Cheng, 2010; Shroyer et al., 2005). The potential role
of Gﬁ1b in stem cell function or cell lineage determination in the
intestinal epithelium has not been examined.
Here we report that Gﬁ1b is expressed by brush cells but not by
other epithelial lineages, and we use Gﬁ1b expression as a marker to
characterize the brush cell lineage progenitor. We then investigate
whether the brush cell lineage arises from the DOMNotch or DOMDelta
side of the Notch signaling divide and conclude that it arises from
DOMDelta. However, Atoh1 is not expressed by brush lineage cells. Fur-
thermore, we report that brush cell numbers increase dramatically
following conditional Atoh1 deletion in adult intestinal epithelium,
demonstrating that the brush cell lineage does not require Atoh1
for its determination, production, differentiation, or survival. Thus
despite its DOMDelta origin the brush cell lineage is not an Atoh1-
dependent granulocytic cell lineage. We conclude by proposing a
model in which Hes1, Atoh1, and Gﬁ1b participate in a genetic
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ing early cell lineage determination in the intestinal epithelium.
Materials and methods
Mice
CD-1 mice used in this study were purchased from Charles River
Canada. Gﬁ1bEGFP/+ mice (Vassen et al., 2007) and intestines were
kindly provided by Drs. C. Kandapour and T. Möröy. Atoh1-Cre;
Rosa26-LacZ intestines (Yang et al., 2010) were kindly provided by
Drs. Q. Ding and L. Gan. Atoh1-CreERT2; Rosa26-LacZ intestines
(Fujiyama et al., 2009), from mice treated with a single gavage of
Tamoxifen in corn oil (270 mg/kg) and killed after 5 days, and from
control mice treated with oil only, were kindly provided by Drs. T.
Fujiyama and M. Hoshino. Atoh1-EGFP (Rose et al., 2009) and
Atoh1−/− (Ben-Arie et al., 1997) intestines were kindly provided by
Drs. T. Klisch and H. Zoghbi.
For the Atoh1 conditional knockout study, a female homozygous
Atoh1ﬂ/ﬂ mouse (Shroyer et al., 2007; The Jackson Laboratory,
008681) was mated with a male homozygous Rosa26CreERT2 mouse
(Ventura et al., 2007; The Jackson Laboratory, 008463). The F1 off-
spring were mated to generate Atoh1ﬂ/ﬂ;Rosa26CreERT2/+ experimental
and Atoh1ﬂ/+;Rosa26CreERT2/+ control mice. Mice were given 3 daily
gavages of Tamoxifen in oil (200 mg/kg) and killed 6 days after the
initiation of treatment. The epithelium was isolated and processed
for brush cell staining.
Rosa26 ﬂoxed-STOP-Notch-IC-IRES-EGFP mice have targeted into the
Rosa26 allele a ﬂoxed STOP cassette controlling a Notch-IC transgene
and an internal ribosome entry site (IRES) followed by EGFP modiﬁed
to contain a nuclear localization signal. When the ﬂoxed STOP cassette
is excised by Cre recombinase, both Notch-IC and the clone marker
nuclear EGFP are transcribed from the transgene. For the Notch-IC
clone study, a female homozygous Rosa26 ﬂoxed-STOP-Notch-IC-IRES-EGFP
mouse (Murtaugh et al., 2003; The Jackson Laboratory, 008159),
was mated with a male homozygous Rosa26CreERT2 mouse to generate
F1 Rosa26CreERT2/ﬂoxed-STOP-Notch-IC-IRES-EGFP mice. F1 mice (9 weeks old)
were given a single gavage of 5 mg Tamoxifen in oil and killed 72 days
later. Epithelium was isolated and processed for Notch IC clones.
All mice were housed in speciﬁc pathogen free facilities. Tissues
from at least 3 mice of each genotype were collected in compliance
with protocols approved by the Animal Care Committees of theTable 1
Antibodies and markers.
Antigen target of primary antibodies Common
Dclk1 Doublecortin-like kinase 1 DCAMKL1
Krt18 Keratin, type I cytoskeletal 18 cytokerat
Ptgs1 Prostaglandin-endoperoxide synthase 1 Cyclooxy
Trpm5 Transient receptor potential cation channel,
subfamily M, member 5
Atoh1 Atonal homolog 1 (Drosophila) Math1, H
Neurog3 Neurogenin 3 Ngn3, Ato
Hes1 Hairy and enhancer of split 1 (Drosophila) Transcrip
Gﬁ1b Growth factor independent 1B
Insm1 Insulinoma-associated 1 IA-1
Mki67 Antigen identiﬁed by monoclonal antibody Ki 67 Ki67
Chga Chromogranin A cgA
β-gal β-galactosidase lacZ
Secondary antibodies
rabbit IgG Alexa Fluor® 488-, 555- and 647-conjugated anti-rabbit IgG
Guinea pig IgG DyLight™649-conjugated anti-Guinea pig IgG
Lectin
UEA-I TRITC-conjugated Ulex europaeus agglutinin Type IUniversity of Toronto, the Institut de recherches cliniques de Montré-
al, the Center of Comparative Medicine of Baylor College of Medicine,
the National Institute of Neuroscience, Japan, and the University of
Rochester. For embryo staging, noon on the day that the vaginal
plug was observed was counted as embryonic day 0.5 (E0.5) and
yolk sacs or tails were collected before ﬁxation for genotyping
Recombination was induced by gavage of Tamoxifen in oil. A
suspension of 20 mg/ml Tamoxifen (Sigma, T5648) in sterile canola
oil containing 5% ethanol was dissolved at 37 °C for 4 h. The solution
was aliquoted, stored at −20 °C, and melted at 37 °C immediately
before use.
Tissue preparation and microscopy
Intestinal epithelium was isolated from proximal jejunum using
30 mM EDTA as previously described (Bjerknes and Cheng, 1981c) and
ﬁxed with 4% paraformaldehyde in PBS. In some preparations intact in-
testine was ﬁxed with 4% paraformaldehyde in PBS, either by transcar-
diac perfusion followed by immersion in the same ﬁxative, or by
immersion. Immunoﬂuorescence on either isolated crypt-villus units
or microdissected crypts and villi from intact intestine was performed
as previously described (Bjerknes and Cheng, 2006a, 2010). The anti-
bodies and lectin used are listed in Table 1. Tissues were imaged with
an AxioImager® Z1 microscope with a cooled CCD AxioCam®.
Pseudocolor-multichannel-imageswere generated (including bothﬂuo-
rescence and differential interference contrast, DIC, images) and the
background adjustedwith Axiovision® 4.8 software (Carl Zeiss Canada).
Cells of interest in whole mounts of crypts were assigned a cell
position by ﬁrst determining the point of intersection between the
luminal axis and the crypt base. If this point was contained in a single
cell, that cell was deﬁned to be in position 1. Otherwise the cells
ﬂanking the intersection were considered to be in position 1. Cells
immediately adjacent to these, as projected along the luminal axis,
were assigned to position 2, and so forth up the crypt.
Fluorescence activated cell sorting (FACS), and quantitative PCR (qPCR)
Isolated jejunal epithelium was dissociated and ﬁxed on ice in 4%
paraformaldehyde in PBS (Bjerknes and Cheng, 2010). Followingwashing
in PBS, brush cells were labeled for sorting using anti-Dclk1 followed by
Alexa Fluor® 647-conjugated donkey anti-rabbit IgG secondary and
DAPI. Brush and non-brush cells were sorted into cold PBS using a BDaliases Host Source
Rabbit Abcam
in 18; CK18 Rabbit Epitomics
genase 1; Cox1 Goat Santa Cruz Biotechnology, Inc.
Rabbit gift from Dr. R. Margolskee
(Kokrashvili et al., 2009)
ath1 Rabbit Gift from Dr. J. Johnson
(Helms and Johnson, 1998)
h5 Rabbit Gift from Dr. O. Madsen (Zahn et al., 2004)
tion factor HES-1 Rabbit Gift from Dr. T. Sudo (Ito et al., 2000)
Goat Santa Cruz Biotechnology, Inc.
Guinea pig Gift from Dr. C. Birchmeier (Jacob et al., 2009)
Rat (TEC-3) DakoCytomation (Scholzen and Gerdes, 2000);
Rabbit DakoCytomation
Rabbit Cappel
Donkey Molecular Probes®
Donkey Jackson ImmunoResearch Laboratories, Inc.
EY Laboratories, Inc.
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DNAwas isolated using Fermentas GeneJETTM Genomic DNA puriﬁcation
Kit (#K0721) followingmanufacturer's instructions. qPCRwas performed
using iQ SYBR Green® supermix (BioRad) on a CFX96 Real-Time PCR De-
tection System (BioRad).
Conditional Atoh1 deletion efﬁciency
Three primers were designed for use in quantifying the Atoh1ﬂ,
Atoh1Δ, and Atoh1+ alleles in tissues from experimental Atoh1ﬂ/ﬂ;
Rosa26CreERT2/+ and control Atoh1ﬂ/+;Rosa26CreERT2/+ mice before
and after Tamoxifen induced recombination, as shown in Fig. 1A.
The primer sequences were:
primer 1—GCGCAGCGCCTTCAGCAACCA
B
Fig. 1. Design of the PCR scheme used to quantify ﬂoxed and recombined alleles of
Atoh1 following Tamoxifen treatment of Atoh1ﬂ/ﬂ;Rosa26CreER/+ mice. (A) Schematic
diagram showing the structure of the ﬂoxed Atoh1 allele before (Atoh1ﬂ) and after
(Atoh1Δ) Cre-induced recombination of the loxP sites that ﬂank Atoh1. Note that prim-
er 2 is excised following recombination, and the distance between primers 1 and 3 is
decreased. The sizes of PCR products expected from the various alleles are indicated.
(B) Images of agarose gels of the PCR products from the various genotypes before
and after Tamoxifen treatment. Ear punch DNA was used for PCR reactions before
Tamoxifen treatment. Isolated epithelial DNA was used after treatment. The ﬂoxed
Atoh1 alleles were efﬁciently excised following Tamoxifen treatment.primer 2—GACCTGTCGCCTTCGCTGCC, and
primer 3—GCGCGCTAGGAAGGGCATTTGG.
Two PCR primer pairs were used to probe the status of recombina-
tion of the Atoh1ﬂ alleles. We denote these pairs Primers2:3 (qPCR
efﬁciency 98.3%) and Primers1:3 (qPCR efﬁciency 99.4%). The PCR
product expected from Primers1:3 spans the entire Atoh1 coding
sequence and hence generates a long PCR product (1477 bp) from
the wild type Atoh1+ allele, and a slightly longer product from the
Atoh1ﬂ allele (Fig. 1A). However, the PCR cycling program that we
used incorporated a short extension time so that such long products
were not efﬁciently ampliﬁed. Importantly, the recombined allele
(denoted Atoh1Δ) yields a much shorter product that is efﬁciently
ampliﬁed under the conditions used (Figs. 1A, B). The second primer
pair, Primers2:3 spans the 3′ loxP site, and hence yields slightly differ-
ently sized products from the Atoh1+ and Atoh1ﬂ alleles. Note that
Primers2:3 generates no product following recombination induced
excision of the Atoh1 coding region (Figs. 1A, B). Thus Primers2:3 pro-
vides a sensitive assay for any unrecombined Atoh1ﬂ alleles following
Tamoxifen activation of CreERT2 recombinase.
The fraction of Atoh1 alleles in a sample that were recombined,
and thus transformed from Atoh1ﬂ into Atoh1Δ alleles, was esti-
mated from the qPCR CT determinations (primer pairs Primers1:3
and Primers2:3) using the formula 2ΔCT/(1+2ΔCT), where ΔCT=
(CT(Primers2:3)−CT(Primers1:3)). The formula was derived as follows.
The sample has R recombined (Atoh1Δ) and F ﬂoxed (Atoh1ﬂ)
alleles. The fraction of recombined alleles in the sample is there-
fore R/(F+R). The ratio R/F in the sample can be estimated from
the qPCR results as R=F ¼ 2ΔCT , assuming 100% PCR ampliﬁcation ef-
ﬁciency for the primer pairs. Solving for R yieldsR ¼ 2ΔCT F . Substitut-
ing this into R/(F+R) and simplifying yields the formula used.
We performed qPCR to determine the efﬁciency of recombination
following 3 Tamoxifen doses and found that about 99.6% of Atoh1ﬂ
alleles in the epithelium underwent recombination (Table 2), demon-
strating the nearly complete deletion of Atoh1 from the epithelium.
The Atoh1ﬂ allele in the control Atoh1ﬂ/+;Rosa26CreERT2/+ mice was
also efﬁciently recombined (Fig. 1B).
It is also worth noting that this assay detected a low, but def-
inite background recombination of Atoh1ﬂ alleles in Atoh1ﬂ/ﬂ;
Rosa26CreERT2/+ mice that had never been exposed to Tamoxifen
(Table 2). No such background recombination was detected in
Atoh1ﬂ/ﬂ;Rosa26+/+mice (i.e. no CreERT2). This low background
recombination rate was of no consequence here but may be impor-
tant in other studies such as lineage tracing experiments, especially
if efﬁciently recombined targets are utilized. Appropriate controls
need to be tested to determine the degree to which this is an issue
in any speciﬁc case. We speculate that such background recombina-
tion may be due to exposure of genomic DNA to cytoplasmic
CreERT2 during mitosis (following nuclear envelope disassembly),
or to occasional degradation products of CreER that retain CreTable 2
Recombination efﬁciency before and after Tamoxifen treatment.
Genotype
(treatment)
DNA source ΔCT=(CT(Primers2:3)−
CT(Primers1:3))
Fraction of ﬂoxed
Atoh1 alleles that
are recombined
¼ 2ΔCT = 1þ 2ΔCT
 
Atoh1ﬂ/ﬂ;Rosa26+/+
(none)
Ear punch −∞a 0±0
Atoh1ﬂ/ﬂ;Rosa26CreER/+
(none)
Ear punch −8.1±0.2 0.004±0.0004
Atoh1ﬂ/ﬂ;Rosa26CreER/+
(Tamoxifen)
Intestinal
epithelium
7.9±0.3b 0.996±0.0009b
a No product was detected with Primers1:3 under the PCR conditions used, hence by
deﬁnition CT(Primers1 : 3)=−∞.
b Signiﬁcantly different from results obtained with DNA extracted from ear punches
taken prior to Tamoxifen treatment.
Fig. 2. Optical sections of villus epithelium from CD-1 mice showing typical brush cells
stained positively with the lectin UEA-I, and antibodies speciﬁc for Krt18, Trpm5, Ptgs1,
Dclk1, and Gﬁ1b. Brush cell identity was conﬁrmed in each case by differential interfer-
ence contrast (DIC) microscopy, which heightens the distinctive appearance of the
apical tip characteristic of brush cells (barbed arrows).
Table 3
Antibody staining patterns.
Markers Brush lineage
progenitors
Mature
brush cells
Enteroendocrine
cells
Other epithelial
cell types
Gﬁ1b + + − −
Dclk1 −/+a + + (subset) −
UEA-I − + + (subset) + (mucous and
Paneth cells)
Krt18 − + + (weak) + (weak)
Trpm5 − + + (subsetb) −
Ptgs1 − + Weak generalized
staining
Weak generalized
staining
Atoh1 − − + + (mucous and
Paneth cells)
Hes1 −/+c − − −d
Insm1 − − + −
Neurog3 − − −e,f −
Chga − − + (most) −
Mki67 + − −g −g
a Brush cell lineage progenitors begin to express Dclk1 as they leave the cell cycle.
b Bezençon et al., 2007; 2008.
c Expressed by rare immature EGFPGﬁ1b weak or Gﬁ1b+ cells in the COD, possibly
DOM.
d Crypt base columnar cells and columnar progenitors are Hes1 positive.
e Progenitors in the enteroendocrine lineage are Neurog3 positive.
f Immature cells in the enteroendocrine lineage are Neurog3 positive.
g Actively cycling progenitors are Mki67 positive.
198 M. Bjerknes et al. / Developmental Biology 362 (2012) 194–218recombinase activity but have lost the estrogen receptor module
intended to restrict the fusion protein to the cytoplasm.
Data representation and statistics
Values are expressed as means±standard error of the mean
(S.E.M.). Stated differences imply Student's t-test returned Pb0.05.Fig. 3. Optical sections of villus epithelium from CD-1 mice demonstrating the necessity o
maker such as Insm1 to reliably distinguish enteroendocrine from brush lineage cells. (A)
oendocrine cells (arrow heads) also stain. (B) Brush cells (boxed) are UEA-I+ Dclk1+ but I
brush cell identiﬁcation.Results
Brush cell markers
We conﬁrmed that brush cells in epithelium isolated from CD-1 in-
testine are labeled by various reagents previously described to provide
some selectivity for brush cells, including the lectin UEA-I (Gebhard
and Gebert, 1999), and antibodies speciﬁc for Krt18 (Höfer and
Drenckhahn, 1996), Trpm5 (Bezençon et al., 2007; Kaske et al., 2007;
Kokrashvili et al., 2009), Ptgs1 (Bezençon et al., 2008), and Dclk1
(Bezençon et al., 2008; Gerbe et al., 2009) (Fig. 2). Inmaking this assess-
ment we relied on the distinctive appearance of brush cells in differen-
tial interference contrast (DIC)microscopy to conﬁrm their identity and
distinguish them from neighboring columnar or mucous cells. We
found that UEA-I and anti-Dclk1 provided the best signal to noise
ratio so we used them as primary brush cell markers in our studies.
Established brush cell markers are not speciﬁc on their own, but in
combination with anti-Insm1 and DIC can be used to reliably identify
brush cells
Previously described brush cell markers stain non-brush cell
types to varying degrees, and hence on their own are not deﬁnitive
brush cell markers (Table 3). Thus anti-Krt18 labels brush cells
more strongly than other cell types, but other epithelial cell types
are also stained conﬁrming Höfer and Drenckhahn (1996). Anti-
Trpm5 is more speciﬁc but may label some enteroendocrine cells
(Bezençon et al., 2007; 2008), and the antibody preparation we
used gave a high background that limited its usefulness. Anti-Ptgs1
is also fairly speciﬁc, but under the conditions of use here displayed
a weak generalized background staining of most cells that limited
its usefulness in the crypt. Anti-Dclk1 and UEA-I both stain brush
cells robustly with an excellent signal to noise ratio. Dclk1 has been
claimed to be a speciﬁc brush cell marker (Gerbe et al., 2009). How-
ever, we found that some Dclk1+ cells were also positive for thef supplementing the existing brush cell markers with an enteroendocrine cell speciﬁc
UEA-I and anti-Dclk1are not speciﬁc for brush cells because a subset of Insm1+ enter-
nsm1−, in contrast to Insm1+ enteroendocrine cells (arrow heads). DIC helps conﬁrm
AB
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Fig. 4. Brush cells (boxed) do not stain with an Atoh1-speciﬁc antibody, whereas enteroendocrine (arrow heads) and mucous (arrow) cell nuclei are Atoh1+.
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factor down stream of Neurog3, the enteroendocrine cell lineage
determinant (Apelqvist et al., 1999; Bjerknes and Cheng, 2006a,b,
2010; Gierl et al., 2006; Jenny et al., 2002; Lee et al., 2002). Thus
anti-Dclk1 labels a subset of enteroendocrine cells in addition to
the brush cells. The Dclk1+Insm1+ enteroendocrine cells are weakly
stained and usually have a volumetric ﬂask-like shape, with a thin-
ner neck and a smaller apical end than that of the more Eherlen-
meyer ﬂask-like shaped brush cells. The apical cytoplasm of the
Dclk1+Insm1+ enteroendocrine cells is also not as refractile as that
of brush cells in DIC, probably due to the brush cell's extensive
collection of apical ﬁbrils (Nabeyama and Leblond, 1974). UEA-I
similarly labels a subset of Insm1+ enteroendocrine cells (Fig. 3A).
UEA-I also labels Paneth and to a lesser extent mucous cells.
We conclude that any of the brush cell markers can be used to
conﬁdently identify mature brush cells if they are used in combina-
tion with anti-Insm1 and DIC (i.e. marker+ Insm1− with stereotypi-
cal morphological features in DIC). This approach works particularly
well with anti-Dclk1 or UEA-I (Fig. 3B).
Brush cells are Atoh1− and hence distinct from granulocytes, which are
Atoh1+
Granulocyte nuclei stained with anti-Atoh1. However, we were
unable to ﬁnd conditions under which brush cell nuclei were stained(Fig. 4), thereby distinguishing brush cells from the granulocytic
cell lineages and indicating that brush cells constitute a distinct cell
lineage (see below for additional evidence).
Brush cells express the transcriptional repressor Gﬁ1b
Gﬁ1b is differentially expressed in sorted Trpm5+ cells (Bezençon
et al., 2008). We found that anti-Gﬁ1b labels nuclei of brush cells
(Fig. 2) but no other epithelial cell types. Therefore nuclear Gﬁ1b
appears to be a speciﬁc brush cell marker. This ﬁnding prompted us
to investigate an existing Gﬁ1bEGFP mouse model in which the se-
quence encoding Gﬁ1b was replaced by sequence encoding enhanced
green ﬂuorescent protein (EGFP) (Vassen et al., 2007). Accordingly,
EGFP expression reﬂects Gﬁ1b promoter activity (but the subcellular
localization of EGFP does not necessarily reﬂect that of Gﬁ1b protein).
We will denote the EGFP expressed in these mice EGFPGﬁ1b. We found
EGFPGﬁ1b+ cells scattered throughout the intestinal epithelium of
Gﬁ1bEGFP/+ mice. Closer examination by DIC revealed that the
EGFPGﬁ1b+ cells on the villus had typical brush cell morphology, and
their identity was conﬁrmed by staining with various brush cell
markers, including anti-Gﬁ1b (Fig. 5). Importantly, EGFPGﬁ1b was
seen only in brush cells and not in other epithelial cell types
(Fig. 6). Furthermore, all EGFPGﬁ1b+ cells were Atoh1− (Fig. 6). Thus
brush cells express Gﬁ1b and the Gﬁ1bEGFP/+mouse model reliably re-
ﬂects that expression pattern.
Fig. 5. Villus epithelium from Gﬁ1bEGFP/+ mice contains scattered, rare, EGFPGﬁ1b+ cells exhibiting typical brush cell morphology. These cells stain positively with the lectin UEA-I
and antibodies speciﬁc for Krt18, Trpm5, Ptgs1, Dclk1, and Gﬁ1b. Thus all EGFPGﬁ1b+ cells are in the brush cell lineage. Importantly, the nuclei of all EGFPGﬁ1b+ cells
stained positively with anti-Gﬁ1b, conﬁrming the correspondence between the promoter activity of the wild type and the Gﬁ1bEGFP alleles in the intestinal epithelium of
this mouse model.
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It was of particular interest to use the Gﬁ1bEGFP/+ mouse model
to investigate the origin and differentiation of the brush cell lineage.
We found scattered EGFPGﬁ1b+ cells in Gﬁ1bEGFP/+ crypts, including
small cells in the common origin of differentiation (COD, ~cell posi-
tions 5–8) just above the crypt base (Fig. 7A) and these were occa-
sionally seen in mitosis (Fig. 7B) indicating that brush lineage
progenitors are to be found amongst these cells (see below). The
EGFPGﬁ1b+ cells in the crypt were Atoh1−, like the mature brush
cells on the villus. Dclk1+ cells were also seen in the crypt
(Fig. 7C). In the upper crypt Dclk1+ cells were robustly stained
and often had a mature brush cell form, while in the lower cryptthey tended to be smaller and some, especially in the COD, were
weakly stained. Maturing Dclk1+ cells in the upper crypt also
tended to be UEA-I+, while the Dclk1+ cells around the COD were
often UEA-I− (Fig. 7D). These observations indicate that brush line-
age cells originate in the COD and then progressively differentiate
as they move up the crypt. These qualitative observations are ex-
plored quantitatively in following sections.
Brush lineage cells display a gradient of differentiation along the crypt
axis
Brush lineage cells are relatively rare. The number of EGFPGﬁ1b+ cells
per crypt and their distribution along the crypt axis are shown
Fig. 6. Villus epithelium from Gﬁ1bEGFP/+ mice conﬁrming that EGFPGﬁ1b is expressed in
brush cells (boxed), but not in other cell types such as mucous (arrow) or enteroendo-
crine (arrow head) cells. Accordingly, EGFPGﬁ1b+ brush cells are Atoh1− and Insm1−.
A
B
Fig. 8. Graphs showing (A) the distribution of the number of EGFPGﬁ1b+ cells contained
in jejunal crypts from Gﬁ1bEGFP/+ mice, and (B) the distribution of EGFPGﬁ1b+ cells
along the crypt axis (mean±S.E.M.). A total of 694 EGFPGﬁ1b+ cells were scored in 325
crypts from 3 mice.
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1–4 of the crypt. EGFPGﬁ1b+ cells were most frequent in the COD,
cell positions 5–8, and were progressively less frequent in the
higher positions, presumably due to their dilution and displace-
ment by rapidly dividing columnar lineage cells in the mid-crypt
(Fig. 8B).
The EGFPGﬁ1b+ cells in the crypt were negative for the granulocyt-
ic lineage marker Atoh1, and were also negative for Neurog3,
Insm1, and Chga (Figs. 7B, 9, 13). This indicates that Gﬁ1b expres-
sion in the crypt is normally restricted to the brush cell lineageA B C
Fig. 7. The brush cell lineage originates in the lower crypt. (A) Gﬁ1bEGFP/+ crypt with an imm
in the lower crypt, as indicated by this EGFPGﬁ1b+ cell in mitosis (boxed, enlarged 3× below;
are also seen (barbed arrow heads). (C) Brush lineage cells in this CD-1 crypt (barbed arrow
demonstrated by increasing Dclk1 staining intensity and cell size. (D) Immature Dclk1+ ce
accumulate UEA-I binding as they mature en route to the villus (barbed arrows). Note thatand its immediate precursors. To investigate further we stained
Gﬁ1bEGFP/+ crypts for various brush cell markers and observed
that, depending on the marker, varying subsets of EGFPGﬁ1b+ cells
within the crypts were labeled (Figs. 9 and 10). There were also
EGFPGﬁ1b+ cells that were not labeled with any other brush lineage
markers. These EGFPGﬁ1b+ brush lineage marker negative cells tended
to be located lower in the crypt and appeared to be smaller and
less differentiated than the double labeled cells, indicating
that Gﬁ1b appears earlier in the development of the brush cell lin-
eage than the other brush cell lineage markers. Thus we usedD
ature EGFPGﬁ1b+ cell just above the crypt base. (B) Brush lineage progenitors likely exist
in mitosis nuclear EGFP disperses to the cytoplasm). Atoh1+ granulocytic lineage cells
s) exhibit an increasing differentiation gradient from the crypt base to the crypt top as
lls near the crypt base do not express binding sites for UEA-I (barbed arrowhead), but
UEA-I also stains Paneth cell granules in the crypt base.
Fig. 9. EGFPGﬁ1b+ cells in crypts from Gﬁ1bEGFP/+ mice are brush lineage cells. None of
these cells were stained with the enteroendocrine cell speciﬁc antibody Chga, but
most were stained positively with brush cell markers such as the lectin UEA-I, and
antibodies speciﬁc for Krt18, Trpm5, Dclk1, and Gﬁ1b. Note that anti-Insm1 was not
necessary because all EGFPGﬁ1b+ cells were Insm1−.
Fig. 10. Graphs showing the accumulation of various brush cell differentiation
markers as EGFPGﬁ1b+ cells mature during their migration up the crypt towards the
villus (mean±S.E.M.). The data was derived from crypts isolated from 3 Gﬁ1bEGFP/+
mice. The distributions were determined by scoring the following total numbers of
EGFPGﬁ1b+ cells: Dclk1+ (435), Krt18+ (386), UEA-I+ (626), and Ptgs1+ (283).
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appearance of the other markers. We recorded the cell position of
every EGFPGﬁ1b+ cell observed in a crypt and noted whether it was la-
beled or not for a particular brush cell marker (Fig. 10). The com-
piled data reﬂects the differentiation process of brush cells as they
migrate up the crypt from their origin in the COD. Thus, early
brush lineage cells express only Gﬁ1b, then Dclk1 becomes detect-
able, followed by Krt18, UEA-I binding sites, and later Ptgs1 (with
the caveat that the observed nature of the order of appearance
may also be a function of the sensitivity and quality of the detection
reagents).
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Our observation of occasional EGFPGﬁ1b+ mitotic ﬁgures in the lower
crypt (Fig. 7B) indicated that the EGFPGﬁ1b+ population contains a pro-
genitor pool. Therefore we used the cell cycle marker Mki67 to charac-
terize actively proliferating EGFPGﬁ1b+ progenitors and determine their
distribution within the crypt. When we stained Gﬁ1bEGFP/+ crypts
with anti-Mki67 and anti-Dclk1, most EGFPGﬁ1b+ cells in the crypt
were Mki67− and Dclk1+ (Fig. 11B) and hence most of the brush cell
lineage is post-mitotic. However, in the lower crypt we also observedA B
Fig. 11. Some of the EGFPGﬁ1b+ cells in the lower crypt are proliferating, especially the immat
tions from the same Gﬁ1bEGFP/+ crypt. The boxed cells in (A) are Mki67+ but Dclk1−. (B) T
barbed arrowhead is Dclk1−. (C) The boxed cells are rare examples of Mki67+ Dclk1+ bruEGFPGﬁ1b+ Mki67+Dclk1− cells (Figs. 11A, 12A, B). These were small
weakly EGFPGﬁ1b+ cells, suggesting that they were recently formed, had
just started expressing Gﬁ1b, and hence had accumulated only a small
amount of EGFPGﬁ1b. The staining pattern suggests that some brush
lineage cells emerge as EGFPGﬁ1b+ Mki67+Dclk1− progenitors which
then commence the brush cell differentiation program, including
Dclk1 expression, as they exit the cell cycle.
Occasional EGFPGﬁ1b+ Mki67+Dclk1+ cells were also seen (Figs. 11C,
12C, D), contradicting previous claims that all Dclk1+ cells are
Mki67− (Gerbe et al., 2009, 2011; Giannakis et al., 2006; May et al.,C
ure cells that have not begun to accumulate Dclk1. (A) and (B) are different optical sec-
he boxed Dclk1+ brush lineage cells are Mki67−. The immature cell indicated by the
sh lineage cells.
A B
C D
Fig. 12. Graphs deﬁning the distribution of proliferating brush lineage cells within the crypt (mean±S.E.M.). (A) The fraction of proliferating (Mki67+) brush lineage (EGFPGﬁ1b+ )
cells in each cell position. (B) The average number of proliferating brush lineage cells in each cell position per crypt. Most brush lineage progenitors were found in cell positions
5–8, corresponding to the common origin of differentiation for epithelial cells. The data was derived from 446 crypts from 3 Gﬁ1bEGFP/+ mice. The data set for (A) consists
of 1020 EGFPGﬁ1b+ cells and for (B) 133 Mki67+ EGFPGﬁ1b+ cells. (C) The fraction of proliferating Dclk1-expressing brush lineage cells in each cell position. (D) The number of pro-
liferating Dclk1-expressing brush lineage cells in each cell position per crypt. The data was derived from 178 crypts from 3 Gﬁ1bEGFP/+ mice, the data set for (C) consists of 358
EGFPGﬁ1b+ Dclk1+ cells and for (D) 22 Mki67+ EGFPGﬁ1b+ Dclk1+ cells. Comparing (D) with (B), it is clear that proliferating Dclk1-expressing brush cells constitute only a fraction of
the proliferating brush lineage cells, indicating that the brush cell lineage progenitors exit the cell cycle as they begin to differentiate and accumulate Dclk1.
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EGFPGﬁ1b, weak Dclk1 and usually weak Mki67 staining, which is
consistent with the notion that they were recently derived from the
EGFPGﬁ1b+ Mki67+Dclk1− population and are leaving or have left the
cell cycle.
The EGFPGﬁ1b+ Mki67+ cells were most frequently seen around cell
positions 5–8 (Fig. 12B). Thus the Mki67 staining pattern supports
the view that committed brush lineage progenitors originate in the
COD, commence the brush cell differentiation program, and exit the
cell cycle.
Brush cells are Atoh1−, Insm1−, and Chga− (Figs. 3B, 4, 6, 9), indicat-
ing that they are distinct from the granulocytic lineages. To determine
whether brush cell lineage progenitors (Figs. 7B, 11A) are related to
the granulocytic lineage progenitors we co-stained Gﬁ1bEGFP/+ crypts
for Mki67 and Atoh1 or Neurog3. Although we observed many
Atoh1+Mki67+ and Neurog3+Mki67+ cells, EGFPGﬁ1b+ Mki67+ cells
were Atoh1− and Neurog3− (Fig. 13). Thus in contrast to granulocytic
progenitors, brush cell lineage progenitors do not express levels
of Atoh1 detectable with antibodies, nor do they express detectable
Neurog3.
Atoh1 and Hes1 are expressed by some brush lineage precursors
As an additional and potentially more sensitive check for Atoh1
expression in brush lineage cells or their precursors we used the
Atoh1-EGFP mouse model in which EGFP sequence was inserted
in-frame with Atoh1 sequence, thus encoding an Atoh1-EGFP fusion
protein (Rose et al., 2009). Homozygous mice are viable and their
intestinal epithelium contains granulocytes, implying that the fusionprotein retains essential function. We observed Atoh1-EGFP in nuclei
of all mucous and Paneth cells, and many Insm1+ enteroendocrine
lineage cells in the lower crypt, but not in Insm1+ enteroendocrine
lineage cells in the upper crypt and villi (Fig. 14), even though such
cells stained with the anti-Atoh1 antibody.
This discrepancy may indicate that the manipulation of the Atoh1
gene has impacted the ﬁdelity of Atoh1 promoter activity resulting
in loss of Atoh1 expression in enteroendocrine cells as they mature.
Interestingly, this result suggests that Atoh1 is not required for the
ﬁnal stages of enteroendocrine cell differentiation or survival because
the Atoh1-EGFP fusion protein is the only source of Atoh1 in these
mice; although it might be argued that functional EGFP-cleaved
Atoh1 fragments may persist in these cells.
In the brush cell lineage, we found that most Dclk1+Insm1− cells
in Atoh1-EGFP epithelium were EGFP−, conﬁrming that mature brush
cells are Atoh1− (Fig. 14). However, a few immature and weakly
Dclk1+ cells in the lower crypt exhibited weak EGFP signal (see
crypts in Fig. 14) indicating either a low level of Atoh1-EGFP expres-
sion in the cell, or that EGFP was carried over from an Atoh1-EGFP
expressing precursor.
We used two Atoh1-Cre lineage tracing models to further investi-
gate whether Atoh1 is expressed in the brush cell lineage or a precur-
sor. In the ﬁrst model, the Atoh1-Cre; ROSA26-LacZ reporter mouse,
sequence encoding native Cre replaced one allele of the Atoh1 coding
sequence and a lacZ ﬂoxed-stop reporter construct was incorporated
into a Rosa26 allele. Therefore cells expressing Atoh1 also express Cre
and hence have the potential to excise the ﬂoxed-STOP sequence
resulting in the permanent and heritable expression of the lacZ
gene, detectable by staining for its encoded product β-galactosidase.
AB
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Fig. 13. Brush lineage cells in crypts from Gﬁ1bEGFP/+ mice are Neurog3− and Atoh1−.
(A) and (B) are different optical sections of the same crypt showing a proliferating
(Mki67+) brush lineage cell (boxed) that is negative for Neurog3. The Neurog3+
cells (arrow heads) in (B) are EGFPGﬁ1b− . (C, D) Proliferating (Mki67+) and (E) post-
mitotic (Mki67−) brush lineage cells (boxed) are Atoh1−. Atoh1+ cells (barbed
arrow heads) do not express EGFPGﬁ1b.
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mouse, was similar, except that sequence encoding Tamoxifen induc-
ible CreERT2 was used rather than native Cre.
In Atoh1-Cre; ROSA26-LacZ reporter mouse intestine most mucous,
enteroendocrine and Paneth cells were β-galactosidase+ (Figs. 15A, B,
16D; Table 4), but only 2% of brush cells were labeled (Figs. 15B, C;
Table 4). Rare stem cell clones with large streams of cells emanating
from labeled crypts and containing all epithelial cell types were also
seen (Fig. 15D), presumably representing either genetic noise, a per-
turbed gene, or rare reversion of a downstream progenitor back into
a stem cell and of no immediate relevance here. The results from
inducible Atoh1-CreERT2; ROSA26-LacZ reporter mice, following asingle dose of Tamoxifen, were similar except that more brush cells
(14%) were β-galactosidase+ (Figs. 15E–G; Table 4). The CreERT2
recombinase, when bound to Tamoxifen, may be more efﬁciently lo-
calized to the nucleus relative to native Cre, and this may in part ex-
plain the different labeling efﬁciency of the brush cells in the 2
mouse models. This increased sensitivity in the CreERT2 model may
also explain the regular observation of clusters of 8–32 β-
galactosidase+ columnar cells (Fig. 15H). These probably represent
clones derived from early columnar progenitors whose immediate
precursor brieﬂy expressed Atoh1-CreERT2 in the course of fate deter-
mination. β-galactosidase+ cells were not seen in control Atoh1-
CreERT2 mice receiving only vehicle, nor in wild type mice without
Cre.
The infrequent labeling of brush cells in comparison to granulo-
cytes in the Atoh1-Cre lineage tracing models (Table 4) indicates in-
termittent, weak, brief, or differential expression of Atoh1 in either
brush lineage cells or more likely their precursors. The latter possibil-
ity is consistent with our failure to observe any evidence of Atoh1
labeling in the brush cell lineage with anti-Atoh1 antibody staining,
and our observation of only faint EGFP in occasional very immature
brush lineage cells in the Atoh1-EGFP mouse model. Thus it is likely
that Atoh1 is expressed in a brush lineage precursor, with the caveat
that Atoh1 regulation may have been perturbed by the genetic manip-
ulations in these various mouse models.
Brush lineage precursors were further characterized by staining
for the activated Notch target Hes1. While the nuclei of the vast
majority of brush lineage cells in the crypt were Hes1− (Figs. 16A, B),
occasional immature Gﬁ1b-expressing cells in the COD exhibited weak
nuclear Hes1 staining (Figs. 16B, C).
Brush cells are present in proximal intestine by E18.5 in wild type, but
not in Atoh1−/− embryos
It was of great interest to determine the effect of Gﬁ1b deletion on
the brush cell lineage. Unfortunately erythropoiesis is dependent on
Gﬁ1b, and hence homozygous deletion of Gﬁ1b is embryonic lethal
by E15 (Garçon et al., 2005; Osawa et al., 2002; Saleque et al., 2002;
Vassen et al., 2007). Therefore we investigated the time of appearance
of brush lineage cells in the embryonic gut using the Gﬁ1bEGFP/+ mice.
We did not observe brush lineage cells in E14.5 intestine, so it was
not possible to directly determine the effect of Gﬁ1b deletion on
brush cell lineage development.
We observed EGFPGﬁ1b+ brush lineage cells in E18.5 Gﬁ1bEGFP/+
gastric epithelium and in the most proximal portion of the intestinal
epithelium (Fig. 17), but only rarely in more distal regions. Most
of these brush lineage cells were found in the troughs between
villi (Fig. 17A), but some were occasionally seen on the villus
(Figs. 17B, C). These results conﬁrm Saqui-Salces et al. (2011), but dif-
fer from Gerbe et al. (2011) who reported that brush cells ﬁrst appear
on postnatal day 7. Brush cells have also been described in human
embryos (Moxey and Trier, 1978), and in the rat gastric epithelium
at birth (Iseki et al. (1991).
Atoh1 null mice fail to breath and hence die shortly after birth
(Ben-Arie et al., 1997), so the presence of brush cells at E18.5
offered the opportunity to examine Atoh1 null intestine for any
effects on brush cell lineage development. In E18.5 embryos with
a functional Atoh1 allele (i.e. Atoh1+/− and Atoh1+/+ embryos)
Dclk1+Insm1− brush cells were seen in the gastric epithelium
and in the intervillus troughs of the most proximal intestinal epi-
thelium (Fig. 18). In contrast, while the gastric epithelium of
Atoh1-null littermates had brush cells at E18.5, they were absent
from the intestinal epithelium (Fig. 18). Thus it appears that
Atoh1 is required for normal embryonic development of the brush
cell lineage in the intestinal epithelium, but not in the gastric epi-
thelium. The effect could be a direct dependence of brush lineage
formation on Atoh1, or more likely the time of appearance of the
Fig. 14. Cells expressing Atoh1-EGFP in intestinal epithelium from Atoh1-EGFP mice. Atoh1-EGFP is expressed in all cells in the mucous (arrows) and Paneth (barbed-arrows) cell
lineages. Immature Insm1+ enteroendocrine lineage cells in the lower crypt (yellow arrow head) are Atoh1-EGFP+, but surprisingly most mature enteroendocrine cells (arrow
heads) did not exhibit detectable amounts of Atoh1-EGFP. Atoh1-EGFP+ mitotic ﬁgures are frequently seen in the crypt (barbed arrowheads). Most brush lineage cells (boxed;
Dclk1+ Insm1−) do not express Atoh1-EGFP. However in the lower crypt, weak Atoh1-EGFP is occasionally observed in immature weakly Dclk1-expressing brush lineage cells.
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epiphenomenon resulting from the multiple developmental abnor-
malities in these mice, including the complete absence of enteroen-
docrine cells (Ben-Arie et al., 1997; Yang et al., 2001). Results
described below demonstrate that brush cell lineage formation
does not depend on Atoh1, so the later is more likely.
The number of intestinal brush cells and their progenitors increases
dramatically following conditional Atoh1 deletion in the adult
The effect of conditional Atoh1 deletion on the brush cell lineage in
the adult intestinal epithelium was studied using homozygous
Atoh1ﬂ/ﬂ;Rosa26CreERT2/+ mice. Heterozygous Atoh1ﬂ/+;Rosa26CreERT2/+
mice served as controls because they retain a functional wild-type
Atoh1 allele following Tamoxifen induced recombination. The Atoh1ﬂ al-
lele is efﬁciently recombined in the intestinal epithelium of both
genotypes (Table 2; see Materials and methods for details).
The impact of Atoh1 deletion was dramatic. We conﬁrm previous
reports (Shroyer et al., 2007; Yang et al., 2001) that mucous
(Figs. 19A, B) and enteroendocrine cells (Figs. 19C, D) are largely
absent following Atoh1 deletion (Table 5). In addition we observed a
striking increase in the brush cell population of Tamoxifen treated
Atoh1ﬂ/ﬂ;Rosa26CreERT2/+ mice in comparison to similarly treated
control Atoh1ﬂ/+;Rosa26CreERT2/+ mice (Figs. 19C, D; Table 5). These
supernumerary brush cells appear normal morphologically and theyexpress various brush cell markers, including Dclk1, UEA-I, and
Gﬁ1b (Figs. 19D–F). There is a corresponding increase in the popula-
tion of Gﬁ1b+ progenitors. Crypts from Tamoxifen treated Atoh1ﬂ/ﬂ;
Rosa26CreERT2/+ and Atoh1ﬂ/+;Rosa26CreERT2/+ mice were stained for
Gﬁ1b, Dclk1, and the cell proliferation marker Mki67. Each Gﬁ1b+
nucleus in a crypt was scored and characterized for Dclk1 and
Mki67 staining. Atoh1-deleted crypts contained dramatically more
Gﬁ1b+ brush lineage cells and Gﬁ1b+ progenitors than did control
crypts (Table 6). These results show that brush cells and their progen-
itors continue to be made following Atoh1-deletion. Therefore brush
cell production is not Atoh1-dependent.
It can plausibly be argued that the persistence of the brush cell lin-
eage following Atoh1 deletion might be due to a resistance to Cre
recombinase in the brush cell lineage or its precursors, or that they
fail to express Rosa26CreERT2, thus accounting for the 0.4% unrecom-
bined alleles that were detected in the intestinal epithelium following
Tamoxifen treatment (Table 2). Therefore it was important to directly
determine the proportion of unrecombined Atoh1ﬂ alleles in brush
lineage cells. We puriﬁed brush cells from Tamoxifen-treated
Atoh1ﬂ/ﬂ;Rosa26CreERT2/+ mice by ﬂuorescence activated cell sorting
(Fig. 20A). Only recombined alleles were observed in the sort-
puriﬁed brush cells (Fig. 20B), and thus it is clear that Atoh1 is not re-
quired for the generation and maintenance of the brush cell lineage in
adult intestinal epithelium. To the contrary, the brush cell lineage
expands dramatically in the absence of Atoh1.
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Fig. 15. Lineage tracing with Atoh1-Cre reporter mice indicates that brush lineage precursors transiently express Atoh1. (A–D) Optical sections of villi from Atoh1-Cre;Rosa26-LacZ
lineage tracing mice showing, as expected, that Atoh1 expression has occurred in mucous (arrows) and enteroendocrine (arrow heads) lineage cells or their precursors. Evidence
for the Paneth cell lineage is shown in Fig. 16D. In contrast, the vast majority of brush lineage cells (boxed) were negative, but a small number were β-gal+ (C) indicating Atoh1
expression occurred at some point in their past. (D) Low magniﬁcation image (X-gal stained) of a rare large stem cell derived clone on the villus. (E–H) Similar results were
obtained from Atoh1-CreERT2; Rosa26-LacZ mice, except that β-gal+ brush cells (G) were more frequent, and importantly, that clones containing multiple columnar cells (H)
were consistently seen indicating that a low level of transient Atoh1 expression occurs in early columnar lineage precursors, most likely the daughter of Mix (DOM) progenitors.
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cell production continues at a reduced rate
The fact that the Notch signaling target Hes1 is weakly expressed
in some brush lineage precursors and that brush cell production isAtoh1-independent despite evidence that Atoh1 is expressed in a
brush lineage precursor means that under present models it is
unclear from which side of the Notch signaling divide the brush cell
lineage originates, or for that matter whether Notch signaling plays
a role in the determination of the brush cell lineage.
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Fig. 16. The nuclei of some immature Gﬁ1b expressing cells in the lower crypt stain weakly with Hes1 antibody. (A, B) The nuclei of most brush lineage cells (boxed) do not stain
with Hes1 antibody. (A) A CD-1 mouse crypt with two Gﬁ1b+ Hes1− brush cell lineage nuclei (the Gﬁ1b staining of Paneth granules in the crypt base is nonspeciﬁc). (B) A tan-
gential optical section of a Gﬁ1bEGFP/+ crypt containing 5 EGFPGﬁ1b+ cells illustrating the increasing gradient of differentiation as brush lineage cells migrate up the crypt from
their origin in the COD. The cells display an increasing gradient of cell size and EGFPGﬁ1b content. Only the small, immature cell in the crypt base is weakly positive for Hes1 (barbed
arrow). (C) A weakly Gﬁ1b+ Hes1+ brush lineage cell in the base and a Gﬁ1b+ Hes1− brush lineage cell in the top of a crypt, isolated from an Atoh1 ﬂ/ﬂ; Rosa26 Cre/+ mouse after
Tamoxifen treatment. (D) Optical section of a crypt from an Atoh1-Cre;Rosa26-LacZ mouse showing Atoh1 expression in Paneth cells (barbed arrows). Paneth cell granules are
visualized by UEA-I staining.
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(Notch-IC) results in enforced Notch signaling and consequent
increased expression of Hes1 and inhibition of formation of the gran-
ulocytic lineages (Fre et al., 2005, 2009; Stanger et al., 2005). There-
fore, we investigated the effects of Notch-IC on the brush cell
lineage using Rosa26CreERT2/ﬂoxed-STOP-Notch-IC-IRES-EGFP mice. Stem cells
that successfully recombine the ﬂoxed STOP cassette generate long-
lived clones expressing both Notch-IC and the clone marker nuclear
EGFP. Notch-IC expressing long-lived clones induced by a single
dose of Tamoxifen were readily identiﬁed in isolated crypt-villus
units (Fig. 21A). Cells belonging to clones were easily distinguished
by their EGFP+ nuclei. The vast majority of cells within clones were
columnar cells (Fig. 21B). EGFP− granulocytes, columnar cells, and
brush cells were often seen adjacent to and sometimes embedded
within the clones (Figs. 21C, D), so single cell resolution was crucial
in these studies to ensure that such cells were excluded from clonal
consideration. Importantly, while we did not observe EGFP+ granulo-
cytes, we did observe occasional EGFP+ brush cells (Figs. 21E, F). Outof a total of 1681 villi studied from 3 mice, 1602 clones were found
and 7 of these contained at least one EGFP+ brush cell (a total of 14
EGFP+ brush cells were seen in the 7 clones). Thus brush cells are
made in the clones, although at a greatly diminished rate. This indi-
cates that, unlike granulocytes, generation and differentiation of
brush cells still occur under conditions of diminished Atoh1 levels
that result from persistent Notch signaling and up-regulation of
Hes1. This conﬁrms the Atoh1 conditional deletion result that brush
cells are Atoh1-independent.Discussion
Brush cells are continuously renewed post-mitotic cells
(Nabeyama and Leblond, 1974; Tsubouchi and Leblond, 1979) ulti-
mately derived from the intestinal epithelial stem cells, often via
committed progenitors (Bjerknes and Cheng, 1999). Here we have
explored the details of the origin of the brush cell lineage and have
Table 4
Fraction of each cell type expressing the reporter following Atoh1-Cre lineage tracing.
Genotype Fraction of cells that were β-galactosidase+ (mean±S.E.M.)
Mucous cells Enteroendocrine cells Paneth cells Brush cells
Atoh1Cre/+;Rosa26ﬂox-STOP-lacZ/+ (total cells scored in 3 mice) 0.66±0.04 (2317 cells) 0.53±0.03 (685 cells) 0.85±0.02 (978 cells) 0.022±0.006 (1070 cells)
Atoh1CreERT2/+;Rosa26ﬂox-STOP-lacZ/+ (total cells scored in 3 mice) 0.71±0.04 (2761 cells) 0.64±0.04 (587 cells) 0.92±0.08 (591 cells) 0.14±0.06 (485 cells)
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determination in the epithelium.
Contradictions with other reported results
Some of our central ﬁndings contradict conclusions reached in
other recent reports. Further comment may be helpful.A B
C
Fig. 17. Brush lineage cells (boxed) are present in the proximal intestinal epithelium of
E18.5 Gﬁ1bEGFP/+ embryos. (A) EGFPGﬁ1b+ cells in the intervillus trough. These cells
stained positively for Dclk1 but negatively for Insm1. (B, C) Occasionally, relatively
mature brush cells were seen in the villus epithelium.Gerbe et al. (2011) reported that the intestinal epithelium of adult
mice is ‘completely devoid’ of brush cells following conditional Atoh1
deletion. To the contrary, we found that the number of brush cells
increases dramatically following Atoh1 deletion provided that care
is taken to avoid Cre-induced intestinal toxicity. Watanabe et al.
(1980) reported that the lethal Tamoxifen dose in mice is about 29
times less for intraperitoneal versus oral administration. We foundFig. 18. Dclk1+ Insm1− brush lineage cells in the intervillus trough (indicated by
dotted lines) of E18.5 proximal intestine from an Atoh1+/− embryo. Brush, enteroendo-
crine and mucous lineage cells were not observed in the intestinal epithelium of E18.5
Atoh1−/− littermates.
A B
C D
E
F
Fig. 19. Isolated epithelium from adult heterozygous control Atoh1ﬂ/+;Rosa26CreER/+ and homozygous Atoh1ﬂ/ﬂ;Rosa26CreER/+ mice 6 days after initiation of Tamoxifen treatment.
(A) The numerous Alcian Blue 8GX positive mucous cells in control epithelium (arrows) were largely absent from Atoh1 deleted (Atoh1ﬂ/ﬂ;Rosa26CreER/+) epithelium (B). (C) Sim-
ilarly, Insm1+ enteroendocrine cells found in control epithelium (arrowheads) were largely absent from Atoh1 deleted epithelium (D). In contrast, the Dclk1+ Insm1− brush cell
population increased dramatically in homozygous epithelium (D) relative to heterozygous control (C). (E, F) The brush cells in Atoh1-deleted epithelium appear normal and stain
with the standard brush cell markers including Dclk1, UEA-I, and Gﬁ1b (see also the enlargement of the region boxed in D).
Table 5
Cell type counts after conditional Atoh1 deletion in Atoh1ﬂ/+ control and Atoh1ﬂ/ﬂ experimental mice.
Genotypea Number of cells (mean±s.e.m.)
Mucous cells (Alcian blue+) Enteroendocrine cells (Insm1+) Brush cells (Dclk1+Insm1−)
Per crypt
Atoh1ﬂ/+;Rosa26CreER/+ 8.29±0.54 (138 crypts) 4.24±0.16 (126 crypts) 1.35±0.23 (126 crypts)
Atoh1ﬂ/ﬂ;Rosa26CreER/+ 0.138±0.035b (537 crypts) 0.205±0.080b (237 crypts) 14.1±1.78b (237 crypts)
Per villus
Atoh1ﬂ/+;Rosa26CreER/+ 210±23.7 (31 villi) 31.2±3.58 (34 villi) 14.3±3.45 (34 villi)
Atoh1ﬂ/ﬂ;Rosa26CreER/+ 0.140±0.047b (98 villi) 1.62±0.38b (50 villi) 73.8±10.2b (50 villi)
a Data from 3 Tamoxifen treated mice of each genotype.
b Signiﬁcantly different from corresponding Tamoxifen treated Atoh1ﬂ/+;Rosa26CreER/+ control results.
211M. Bjerknes et al. / Developmental Biology 362 (2012) 194–218
Table 6
Counts of the number of Gﬁ1b expressing cells per crypt after conditional Atoh1 dele-
tion in Atoh1ﬂ/+ control and Atoh1ﬂ/ﬂ experimental mice.
Genotypea Number of cells per crypt (mean±s.e.m.)
Gﬁ1b+ Gﬁ1b+
Mki67+
Gﬁ1b+
Dclk1+
Gﬁ1b+
Dclk1+Mki67+
Atoh1ﬂ/+;Rosa26CreER/+
(242 crypts)
1.6±0.19 0.14±0.03 1.45±0.21 0.025±0.002
Atoh1ﬂ/ﬂ;Rosa26CreER/+
(89 crypts)
16.4±2.0b 2.6±0.68b 13.1±2.13b 0.38±0.12b
a Data from 3 Tamoxifen treated mice of each genotype.
b Signiﬁcantly different from corresponding Tamoxifen treated Atoh1ﬂ/+;Rosa26CreER/+
control results.
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from administering large Tamoxifen doses (for example, 5 daily
doses by gavage of 333 mg/kg, about 5 mg per mouse). Under these
toxic conditions (toxic in the context of Atoh1 deletion because het-
erozygous control mice appeared healthy at these doses) the villus
epitheliumwas almost devoid of brush cells. Therefore a potential ex-
planation of the discrepancy with Gerbe et al. is that they were misled
by an artifact resulting from Cre-induced intestinal toxicity because
they induced recombination by 4 daily intraperitoneal injections of
1 mg Tamoxifen per mouse, which may constitute a high effective
dose due to the route of administration.
Dclk1 is used as a potential gastrointestinal epithelial stem
cell marker (Dekaney et al., 2009; Giannakis et al., 2006; Jin et al.,
2009; May et al., 2008; 2009; Sureban et al., 2009; von Furstenberg
et al., 2011), despite reports that Dclk1 is expressed by brush cells
(Bezençon et al., 2008) speciﬁcally (Gerbe et al, 2009; 2011). We
ﬁnd that Dclk1 is an excellent brush cell marker, but it also stains a
subset of Insm1+ enteroendocrine cells. We also noticed in prelimi-
nary studies that at the 1:50 to 1:400 Dclk1 antibody dilutions used
by others there was signiﬁcant Dclk1 staining of the cell borders of
most cells in the lower crypt, including all of the likely stem cell can-
didates. However, at the 1:40,000 dilution that we used here brush
cell lineage staining was still robust but the cell surface staining of
lower crypt cells was near background. Therefore antibody titer may
help explain reported success using anti-Dclk1 to isolate cells with
stem cell properties (May et al., 2008, 2009; Sureban et al., 2009).
The transcriptional repressor Gﬁ1b is expressed at all stages of the brush
cell lineage but not in any of the other epithelial cell lineages
Our results demonstrate that nuclear Gﬁ1b is a speciﬁc marker for
brush cells. All villus brush cells express Gﬁ1b, and conversely all
Gﬁ1b-expressing villus epithelial cells are brush cells. In the cryptA B
Fig. 20. Brush cells isolated from Tamoxifen treated Atoh1ﬂ/ﬂ;Rosa26CreER/+ intestine have
sort Brush cells and non-brush cells. Insm1 staining was not necessary because there we
(see Table 5). (B) PCR products (generated from ~1500 cell equivalents of DNA isolated fr
predominantly recombined Atoh1Δ alleles.we observed a continuous progression from small immature cells in
the COD, displaying barely perceptible EGFPGﬁ1b and no other brush
cell markers, to large maturing cells in the upper crypt displaying
robust EGFPGﬁ1b and all other brush cell markers. Thus Gﬁ1b is
expressed at all stages of the brush cell lineage, and in particular
may be used to identify the origin of the brush cell lineage deep in
the crypt.
Brush cell lineage progenitors
EGFP protein has a half-life of ~26 h in mammalian cells (Corish
and Tyler-Smith, 1999). This has two implications—cells accumulate
EGFP if they continue to produce it, and EGFP serves as a tracer that
can be used to follow cells for some time even if they cease EGFP
production.
Occasional EGFPGﬁ1b+ mitotic ﬁgures were seen, so we used Mki67
staining to characterize the progenitors among EGFPGﬁ1b+ cells in
Gﬁ1b+/EGFP intestinal epithelium. Most EGFPGﬁ1b+ progenitors were
located in the COD (cell positions 5–8; Fig. 12B), coincident with
the location of the most immature brush lineage cells. We did not
observe evidence of EGFPGﬁ1b in non-brush cell lineages in the crypt,
indicating that the EGFPGﬁ1b+ progenitors do not directly contribute
to other lineages.
EGFPGﬁ1b also served as a tracer demonstrating continuity
between EGFPGﬁ1b+ progenitors and the brush cell lineage. Most
progenitors were weakly EGFPGﬁ1b+ , strongly Mki67+, and did not ex-
press other brush cell lineage markers. However a subset was also
weakly Dclk1+. These weakly Dclk1+ cells tended to exhibit brighter
EGFPGﬁ1b and weaker Mki67 staining, consistent with their derivation
from the EGFPGﬁ1b+ progenitors. This indicates that as progenitors
leave the cell cycle they cease Mki67 production but continue to ex-
press Gﬁ1b and hence accumulate EGFPGﬁ1b. The cells also accumulate
brush lineage cell markers, until in the crypt top they exhibit all brush
cell markers and are robustly EGFPGﬁ1b+ . Thus EGFPGﬁ1b expression and
its accumulation links the progenitors in the COD to immature brush
lineage cells as they commence differentiation, eventually forming
maturing upper crypt brush cells. Additional evidence of the linkage
between Gﬁ1b-expressing progenitors and the brush cell lineage
comes from the conditional Atoh1-deletion experiment because the
resulting increase in the brush cell population was accompanied by
an increase in the number of Gﬁ1b+ progenitors in the crypts
(Table 6). We conclude that the brush cell lineage, like the other
epithelial cell lineages, originates from progenitors normally located
in the common origin of differentiation (COD), just above the stem
cell zone (Bjerknes and Cheng, 1981a,b,c, 2005, 2006a,b, 2010).
We were unable to detect anti-Atoh1 staining in any brush lineage
cells including progenitors, distinguishing the brush cell lineage from
the granulocytic lineages. We also did not detect Atoh1-EGFP in brushno functional Atoh1 alleles. (A) FACS dot plot illustrating the gating windows used to
re very few remaining enteroendocrine lineage cells in the Atoh1 deleted epithelium
om sorted brush cells and ~4000 cell equivalents from non-brush cells) demonstrate
AB
C E
D F
Fig. 21. Effect of enforced Notch signaling seen in isolated epithelium from Rosa26CreERT2/ﬂoxed-STOP-Notch-IC-Ires-EGFP mice 72 days after induction by a single Tamoxifen treatment.
(A) Low magniﬁcation view of an isolated villus with an attached Notch-IC-EGFP expressing crypt feeding a stripe of cells along the villus. Cells in the clone are identiﬁed by
their nuclear EGFP. The other images are higher magniﬁcation views of various clones, some in sagittal section (B, D, F), others en face (C, E). (B–D) Notch-IC-EGFP clones consist
mainly of columnar cells. Mucous (arrows), enteroendocrine (arrow heads), and brush (boxed) cells within or adjacent to the stripes are EGFP−. (E, F) However, infrequent Notch-IC-
EGFP clones contained EGFP+ brush cells (boxed).
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and Atoh1-CreERT2 lineage tracing experiments. Early brush lineage
cells also did not express key transcription factors known to play a
role in granulocytic lineage determination. They don't express the
transcriptional repressor Gﬁ1 known to play a role in stabilizing the
mucous and Paneth cell lineages (Bjerknes and Cheng, 2010). We
also found no evidence of Neurog3 or Insm1 staining, conﬁrming
that brush cells are not a subset of the enteroendocrine cell lineage
(Bjerknes and Cheng, 2006a,b, 2010; Gerbe et al., 2011; Gierl et al.,
2006).
Kokrashvili et al. (2009) observed that brush cells express the
signaling peptides uroguanylin, β-endorphin and Met-enkephalin
leading them to suggest that they are a type of enteroendocrine cell.Yet brush cells and their progenitors don't express the granulocytic
lineage marker Atoh1 or the enteroendocrine lineage markers
Neurog3 and Insm1 and hence brush cells are not in the enteroendo-
crine cell lineage as usually deﬁned. Therefore to minimize potential
confusion it would be best not to describe the brush cell lineage as
enteroendocrine, despite the etymological and physiological reason-
ableness of the usage.
Brush lineage precursors
Only a small fraction of brush cells were labeled in Atoh1-Cre
lineage tracing experiments and only occasional very immature
brush lineage cells were weakly EGFP+ in mice expressing Atoh1-
214 M. Bjerknes et al. / Developmental Biology 362 (2012) 194–218EGFP fusion protein. In light of the absence of detectable anti-
Atoh1 staining in brush lineage cells, these genetic models indicate
that Atoh1 is brieﬂy, weakly, differentially or inconsistently
expressed in a brush lineage precursor (assuming that the manipu-
lation of the Atoh1 gene in these mice did not perturb their Atoh1
expression patterns). We also found that some brush cell precur-
sors displayed nuclear Hes1 staining. Thus it appears that Hes1,
Atoh1 and Gﬁ1b are all expressed in the earliest stages of brush
cell lineage formation, possibly DOMDelta (see below and model),
but only Gﬁ1b-expression persists in cells that engage the brush
cell lineage program.
Brush cell lineage production, determination, differentiation and survival
are Atoh1-independent; nonetheless the brush cell lineage originates
from DOMDelta
Conditional Atoh1-deletion in adult Atoh1ﬂ/ﬂ;Rosa26CreERT2/+ mice
yielded the expected Atoh1-dependence of granulocyte formationA
B
Fig. 22. Proposed model of intestinal epithelial cell lineage derivation. (A) Schematic repr
the various epithelial cell lineages. Stem cells, S, give rise to short-lived Mix progenitors
daughters of Mix (DOM) each express low levels of Hes1, Atoh1, and Gﬁ1b. Depending on
granulocytic, or brush cell lineage program, respectively. (B) In wild type epithelium, latera
leading to DOMNotch and DOMDelta states which usually give rise to Hes1- and Atoh1-express
itors, C1. The Atoh1-expressing cells commence a granulocytic lineage program, G1, and imm
downstream factors including Neurog3 and Gﬁ1, leading to formation of a mucous, enteroe
DOMDelta represses Atoh1 and invokes the brush cell lineage program. (C) In the absence of A
a result Atoh1−/− epithelium lacks granulocytic cell lineages, and contains an expanded bru
Tamoxifen-treated Rosa26CreERT2/ﬂoxed-STOP-Notch-IC-Ires-EGFP mice, Hes1 is over expressed d
due to ﬂuctuations in Hes1 levels allowing sufﬁcient Gﬁ1b expression, a DOM invokes the b(Shroyer et al., 2007; Yang et al., 2001) because mucous and enter-
oendocrine cells were largely absent from the epithelium 6 days
after initiation of Tamoxifen treatment. In contrast, brush cell num-
bers increased dramatically, and these brush cells were conﬁrmed
to lack functional Atoh1 alleles. Therefore, in contrast to granulocytic
lineages, brush lineage cell production, determination, differentiation
and survival do not require Atoh1 in the adult intestinal epithelium.
The Atoh1-independence of brush cell lineage formation was also in-
dicated by the continued formation of brush cells in Atoh1- repressed
Notch-IC expressing clones.
The Atoh1-independence of the brush cell lineage suggests, under
existing models, that the brush cell lineage originates from DOMNotch.
If so, then the number of brush cells produced per crypt should
double because in the absence of Atoh1 both sister DOMs should
enter a DOMNotch-like state (i.e. both Atoh1-null DOMs should in-
crease Hes1 expression). However, we observed a 10-fold increase,
not a doubling of the number of brush cells per crypt. Thus we must
consider a DOMDelta origin despite the Atoh1-independence of theesentation of the gene networks operating within the intestinal epithelium to deﬁne
as they leave the stem cell zone and initiate differentiation. The initially equivalent
whether Hes1, Atoh1, or Gﬁ1b dominates in a DOM the cell will invoke a columnar,
l inhibitory Notch signaling between the two equivalent DOMs breaks their symmetry
ing cells, respectively. Hes1-expressing cells become the columnar cell lineage progen-
ediately commit to one of the granulocytic lineages through the interaction of various
ndocrine, or a Paneth progenitor (M1, E1, or P1). Alternatively, up regulation of Gﬁ1b in
toh1, lateral inhibition between DOMs gives rise to Hes1- and Gﬁ1b-expressing cells. As
sh cell population in addition to the columnar cell lineage. (D) In Notch-IC clones from
ue to the Notch-IC transgene, resulting in columnar cell lineage clones. Rarely, perhaps
rush cell lineage program.
CD
Fig. 22 (continued).
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Atoh1-deﬁcient DOMDelta engaging the brush cell lineage program
rather than a granulocytic program. If so, then brush cell production
per crypt should be roughly equivalent to that of the combined pro-
duction of granulocytic and brush cell lineages in control crypts.
This is what we observed. Atoh1-deleted crypts contained about 14
brush cells per crypt, while in control crypts brush, mucous, and
enteroendocrine lineage cells together also totaled about 14 cells
per crypt (Table 5). We ignored Paneth cells in this assessment be-
cause they are long-lived cells that are only rarely produced and
hence make only a minor contribution to total daily cell production.
The repression of brush cell production observed in the Notch-IC ex-
periment is also consistent with a DOMDelta origin of the brush cell
lineage.The origin of the brush cell lineage—a model
Current understanding is that the progeny of intestinal epithelial
stem cells interact via Notch signaling to produce Hes1- and Atoh1-
expressing progenitors that give rise, respectively, to the columnar
and the granulocytic (mucous, enteroendocrine, and Paneth) cell lin-
eages. The model needs to be reformulated to accommodate our ﬁnd-
ings regarding the brush cell lineage.We propose a model based on the following deﬁnitions and obser-
vations (Figs. 22A, B):
(1) We deﬁne Mix progenitors to be stem cell (S) progeny that
have left the stem cell zone (Bjerknes and Cheng, 1981a,b)
and initiated a differentiation program. These correspond to
the Mix progenitors demonstrated by clone studies (Bjerknes
and Cheng, 1999).
(2) Mix mitosis results in daughters of Mix (DOM) progenitors,
equivalent cells whose initial symmetry is broken by lateral in-
hibitory Notch signaling (Bjerknes and Cheng, 1999, 2005,
2006a,b, 2010; Jensen et al., 2000; Yang et al., 2001) resulting
in DOMNotch and DOMDelta.
(3) Hes1 staining is seen in non-granulocytic cells of the lower
crypt (Jensen et al., 2000; Kayahara et al., 2003) indicating
that Hes1 is likely expressed to some degree in S, Mix, and
DOM. We observed immature Hes1+ Gﬁ1b+ cells in the crypt.
(4) Atoh1 staining was not observed in brush cells and Atoh1 is not
required for brush cell lineage determination and formation.
However, some reporter-labeled brush cells were observed in
two different Atoh1-Cre lineage tracing models. Similarly,
weak Atoh1-EGFP was observed in occasional immature
brush lineage cells in an Atoh1-EGFP model. Furthermore,
in the Atoh1-CreERT2 lineage tracing model we regularly
216 M. Bjerknes et al. / Developmental Biology 362 (2012) 194–218observed labeled columnar cell clones. Taken together these
ﬁndings indicate that Atoh1 is transiently expressed in DOM
prior to lineage commitment.
(5) The greatly increased brush cell production following Atoh1-
deletion, and the decreased production in the Notch-IC clones
jointly indicate that the brush cell lineage is derived from the
DOMDelta state, despite the fact that the brush cell lineage is
Atoh1-independent.
(6) Our results provide circumstantial evidence that Gﬁ1b regu-
lates brush cell lineage determination, but we were unable
to study Gﬁ1b-null intestine due to embryonic lethality. An
important future experiment will be conditional Gﬁ1b deletion
in adult intestinal epithelium.
Our results lead us to propose that the DOM express a low level of
the relevant players (Hes1, Atoh1 and Gﬁ1b) enabling a gene network
that interacts dynamically with Notch signaling to establish cell line-
age commitment (Figs. 22A, B). Thus we envisage the DOM as having
three metastable states deﬁned respectively by Hes1, Atoh1, and Gﬁ1b.
If Hes1 dominates then the DOM initiates the columnar lineage pro-
gram and becomes a columnar lineage progenitor (C1). As in current
models, lateral inhibitory Notch signaling ensures that this is the
normal outcome for one of the two DOMs, DOMNotch, while Atoh1 or
Gﬁ1b dominates in its sister DOMDelta. If Atoh1 dominates then the
DOMDelta initiates a granulocytic lineage program and becomes an
Atoh1-dependent granulocytic progenitor G1, which depending on
downstream determinants, enters a mucous (M1), or an enteroendo-
crine (E1), or a Paneth (P1) cell progenitor state. If Gﬁ1b dominates,
then the DOMDelta initiates a brush cell lineage program and becomes
a brush cell lineage progenitor (B1).
Atoh1 deletion (Fig. 22C) leaves only two metastable states,
deﬁned by Hes1 and Gﬁ1b, respectively. Lateral inhibitory Notch sig-
naling would then result in DOMNotch initiating a columnar lineage
program while DOMDelta initiates a brush cell lineage program
(Atoh1−/− DOM can't engage a granulocytic lineage program). Thus
in Atoh1-deﬁcient epithelium the model predicts that brush cell
production per crypt should be roughly equivalent to that of the com-
bined production of granulocytic and brush cell lineages in control
crypts, which is what we observed (Table 5).
Forced expression of Notch-IC (Fig. 22D) should result in most
DOM initiating a columnar lineage program, and this is what we ob-
served. Absence of granulocytes results from both the activation of a
columnar lineage program and the consequent repression of Atoh1.
The brush cell lineage, all else being equal, should have been similarly
impacted. Activation of the columnar lineage program should repress
Gﬁ1b and there should be a failure to initiate brush cell formation.
However, while brush cell production was greatly reduced, occasional
brush cells were still produced. One plausible explanation is that
in comparison to Atoh1, Gﬁ1b is not as strongly repressed by Hes1.
Furthermore, Hes1 expression is known to ﬂuctuate greatly in many
cells (Hirata et al., 2002; Kageyama et al., 2010). Perhaps ﬂuctuations
in Hes1 levels weakens the repression of Gﬁ1b expression in rare
DOM, allowing Gﬁ1b to initiate the brush lineage program.
We have not explicitly incorporated the microfold cell into this
model because its origin remains contentious. Some have concluded
that they are derived from columnar cells under the inﬂuence of
microorganisms or lymphocytes (Borghesi et al., 1999; Kerneis
et al., 1997; Savidge, 1996; Savidge et al., 1991), while others
conclude they are a distinct epithelial lineage (Gebert and Posselt,
1997; Lelouard et al., 2001; Miyazawa et al., 2006).Acknowledgments
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